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I. INTRODUCTION
B RAIN activity is distributed over the three-dimensional brain volume and evolves in time. Imaging dynamic brain activity is of utmost importance to understand the brain. Many functional imaging modalities have been developed to understand the brain's mechanisms of action, including functional MRI (fMRI), electroencephalography (EEG), magnetoencephalography (MEG), functional near-infrared spectroscopy (fNIRS), positron emission tomography (PET), etc. While these imaging modalities are noninvasive in nature and have been used widely to study human brain functions and dysfunctions, they are limited in either spatial resolution (such as EEG or MEG) or temporal resolution (such as fMRI and PET). fNIRS has the ability to measure both oxyhemoglobin and deoxyhemoglobin levels, yet it does not offer whole-brain coverage and has limited spatial and temporal resolutions as well as a limited penetration depth. EEG/MEG offers high temporal resolution capturing brain dynamics, yet has limited spatial resolution to image brain activity due to the head volume conduction effect [1] . fMRI is widely utilized for neuroscience research. However, the present resolution of 3T fMRI typically used for cognitive neuroscience studies and clinical applications is in the order of few millimeters spatially (voxel size) and in the order of seconds temporally [2] . With respect to temporal resolution, recent advances in accelerated fMRI have enabled volume-sampling rates as high as 10 Hz (although its compromised spatial resolution and signal-to-noise ratio are not capable of exploring high-frequency spontaneous brain activity) [3] , [4] . Applying multiband radio-frequency pulses at multiple slices has been shown to decrease the acquisition time 16 times compared to conventional scan times [5] , [6] . Yet, such temporal resolution is far below the neural activation which is in the order of milliseconds, or high-frequency oscillations, which play a crucial role in normal and pathological processes.
Transcranial focused ultrasound (tFUS) has been introduced as a nonsurgical, low-energy technique for inducing transient plasticity with high spatial resolution, adjustable focus, and low tissue attenuation. The putative mechanisms of inducing electrical activity on nervous tissue via mechanical energy introduced by ultrasound, is currently theoretical [7] - [9] . Despite this, there is mounting evidence in the field as well as multiple research directions being pursued in our lab and others, that ultrasound has a robust effect upon neural tissue. Ultrasound can noninvasively stimulate the hippocampus and motor cortex of intact mice [10] , modulate monosynaptic and polysynaptic spinal reflexes in cats, and disrupt seizure activity in cats, rats, and mice [11] . In addition, tFUS has been used safely and effectively for intact neural stimulation in mice, rabbits, and monkeys and has been shown recently to be a safe and effective method of transient transcranial cortical stimulation in humans [12] .
Some of the unique features of tFUS, such as spatial focality and noninvasiveness, may be used to significantly enhance the spatial resolution of electrophysiological neuroimaging using EEG or MEG. Efforts are being made to develop a single hybrid neuroimaging modality to accomplish high spatial and temporal resolution neuroimaging through the acousto-modulated electrophysiological source imaging under a BRAIN EAGER grant from the National Science Foundation (CBET-1450956). In this approach, the tFUS is used to selectively probe a highly focused brain volume to record electric or magnetic signals generated by neurons located in this tFUS-selected volume. By scanning through the brain volume using tFUS, the electric/magnetic signals generated by the selected volume can be decoded to extract information that can be used for electrophysiological source imaging. Due to the capability of fast ultrasound scanning, demonstrated focality of tFUS, and the high temporal resolution of electromagnetic signal conduction, this approach promises to offer unprecedented high spatiotemporal resolution for noninvasive human brain imaging.
II. ACOUSTO-ELECTROPHYSIOLOGICAL NEUROIMAGING
Dynamic electrophysiological source distributions encode the spatiotemporal pattern of brain activity. tFUS probing can be used to find the distribution of active regions, i.e., where there exists synchronous neuronal activity, and nonactive regions where no coherent neuronal activity pertaining to the functional task is observed. A tFUS beam scans through brain regions where potential sources may be located, where both active and nonactive regions are present. The ultrasound pulse will cause a mechanical vibration of tissue in the targeted region causing ultrasoundmodulated electromagnetic signals to be detected over the scalp (or due to other mechanisms such as radiation force). The electromagnetic field perturbation due to the mechanical vibration of tissue will then be measured by sensor arrays set on the scalp. By scanning through the brain regions using tFUS, the active area would potentially generate detectable high-frequency electromagnetic fields due to the region consisting of coherent underlying neuronal sources, being vibrated by the probing tFUS beam, while nonactive area will produce noisy outputs due to the incoherent activities. The recorded electromagnetic signals can be decoded to extract information that reflects the distribution of electrophysiological sources at active volume, as scanned by tFUS beam. Fig. 1 shows a conceptual diagram of such acoustoelectrophysiological neuroimaging (AENI) modality. Using an equivalent current dipole model for a small brain volume such as 1 mm 3 , the location of the current dipole being probed by the tFUS beam can be determined based on the beam's center location, while the dipole moment can be well estimated from the scalp electrical or magnetic recordings in a least-square sense [1] , [20] (as tFUS beam is highly focal and the location of the focus can be well estimated, the location of the activity can be determined with high certainty). For a larger area selected by the tFUS beam, distributed source imaging [1] can be performed using scalp recorded EEG or MEG, which represents a substantial reduction in the size of the region of interest (from the whole brain to a region of interest selected by the tFUS beam). The brain current density distribution can be reconstructed using the principle of linear superposition. Due to the fact that much more sensors are available than the source parameters for a small brain volume selected by the tFUS beam (three parameters for an equivalent dipole with fixed location or 3 × K parameters for K current sources; 3K < N, where N refers to the number of scalp sensors for EEG/MEG recording), the problem becomes a well-defined and over-determined estimation. Due to the capability of fast ultrasound scanning, this approach promises to offer high spatiotemporal resolution for human brain mapping from EEG or/and MEG measurements.
III. ACOUSTO-MODULATED MEG
A particularly interesting outcome of the AENI is its potential to be developed within a new type of room temperature MEG system. The feasibility of detecting ultrasound-modulated magnetic signals generated in a small region selected by tFUS is argued as follows. MEG signals are primarily generated by postsynaptic potentials of many synchronous pyramidal cells firing together [13] . The typical amplitude of weak MEG signals is in the range of about 200 fT (200 × 10 −15 T) to 1 pT (10 −12 T) [using superconducting quantum interference devices (SQUID) devices] [13] . The thermal activity of biological tissue is in the order of 0.1fT/ √ Hz [13] . In the frequency of typical brain activity (up to ∼100 Hz), this amasses to an equivalent of 1 fT background noise. The background electrical activity of the brain is in the order of 25 fT/ √ Hz which sums up to an equivalent noise of 250 fT for the range of physiologic activities [13] . This is in accordance with the typical 0.5-1 pT MEG signals reported in the literature [13] , [14] . This means that the bottleneck for detecting magnetic fields emitted by neuronal activity is not necessarily the device's sensitivity but the equivalent background noise. It is reasonable to consider that about 1 mm 2 of cortical area can provide the minimum detectable signal in MEG, suggesting a millimeter spatial resolution of the acoustomodulated magnetic source imaging (since tFUS can provide foci with dimensions in the order of millimeters).
Magnetic sensing of brain activity is currently accomplished by SQUID, which costs a lot and is inconvenient due to working temperatures which are a few degrees above absolute zero, necessitating the use of cryogenic apparatus, thus making such devices only available at large hospitals or research centers. As an alternative, ultra-low magnetic field detection at room temperature has been demonstrated using magnetoresistance sensors [15] . Over the past decade, the tunneling magnetoresistance (TMR) effect in magnetic tunnel junctions has been demonstrated to provide an attractive alternative in modern electronics and sensor industries [16] , [17] . Previous experiments showed that it is possible to detect ∼100 pT magnetic field at room temperature using TMR sensor array [17] , [18] . Furthermore, recent experimental demonstration [19] has pushed the detection limit to 2 pT/Hz 1/2 noise floor at 1 kHz. With the frequency-shifting strategy using modulated tFUS (see Fig. 1 ), scalp magnetic fields at ultrasound modulated frequency (e.g., 1 kHz or higher) could be detected and then demodulated to retrieve the intrinsic brain signals. Under such experimental design, 1/f noise for magnetic sensor could be further reduced, opening the possibility for room temperature magnetic sensing and imaging of brain activity.
IV. DISCUSSION
The concept of AENI represents an active (or perturbationbased) imaging strategy, compared with conventional electrophysiological source imaging in which passive electrophysiological responses are measured and then deconvoluted through a volume conductor model [20] . Despite significance progresses made over the past three decades, such an approach is still limited by its moderate spatial resolution. By injecting ultrasound energy noninvasively, the AENI promises to push the spatial resolution of electrophysiological neuroimaging to the millimeter level, comparable to fMRI.
There are two key issues for eventual realization of AENI. One is the possibility of recording noninvasive brain activation induced by low-intensity tFUS. A recent study [21] in a rat model suggested the feasibility of such an approach. Yu et al. demonstrated experimentally that scalp EEG can be recorded and localized from focal site as induced by low-intensity tFUS (I spta < 1 mW/cm 2 ). Another issue is the testing of the hypothesis that scalp-recorded electromagnetic signals at ultrasound modulated frequency can be used to demodulate intrinsic brain electrical activity. Should this later hypothesis be experimentally tested, the AENI should shed light on high spatiotemporal resolution neuroimaging.
The proposed approach eliminates the need for solving the ill-posed EEG/MEG inverse problem, which has been the major bottleneck of the EEG/MEG technology, in achieving high spatial resolution. The EEG/MEG source imaging has been historically challenged due to the ill-posed nature of solving the electromagnetic inverse problem. In the AENI approach, the spatial localization is accomplished by tFUS, and through probing the brain tissue with the ultrasound beam, magnetic or electric signals produced by neurons located in a tFUS-selected volume(s) are measured and used to map the dynamic brain source distributions via tFUS scanning. Such approach promises to offer a desirable high spatiotemporal resolution neuroimaging capability suitable for human brain mapping with millisecond temporal resolution and millimeter spatial resolution.
While this commentary describes a concept for high spatiotemporal neuroimaging through the use of tFUS, the proposed concept may be applicable to other organ systems, such as peripheral nervous systems or other systems, where FUS may elicit electrophysiological responses. Multiple FUS beams may be used to implement the selective targeting and frequency modulation.
The potential for AENI is exciting, and may lead to a next generation of human brain imaging technology for broad applications to human neuroscience research and clinical management of brain disorders. The ultimate capability of such a technology would depend on our understanding of mechanisms of ultrasound modulation and interaction with neural tissue.
